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Introduction
Ribonucleoprotein (RNP) aggregates or granules are liquid-like cellular compartments composed of RNA-binding proteins (RBPs) and transcript (Hyman et al., 2014; Maharana et al., 2018 ) that assemble through a process of phase separation and are in dynamic exchange with the surrounding environment (Bolognesi et al., 2016) . RNP granules such as processing bodies and stress granules (SGs) are evolutionarily conserved from yeast to human (Jain et al., 2016) and contain constitutive protein components such as G3BP1 (yeast: Nxt3), TIA1 (Pub1), and TIAR (Ngr1) (Buchan et al., 2008) . Several RBPs involved in physiological liquid-liquid phase separations are prone to form amyloid aggregates upon amino acid mutations (Hyman et al., 2014; Kato et al., 2012 ) that induce a transition from a liquid droplet to a solid phase (Qamar et al., 2018) . This observation has led to the proposal that a liquid-to-solid phase transition is a mechanism of cellular toxicity (Patel et al., 2015) . in diseases such as Amyotrophic Lateral Sclerosis (Murakami et al., 2015) and Myotonic Dystrophy (Pettersson et al., 2015) .
Recent evidence indicates that RBPs act as scaffolding elements promoting RNP granule assembly through protein-protein interactions (PPI) (Jonas and Izaurralde, 2013; Protter and Parker, 2016) , but protein-RNA interactions (PRI) may also play a role in granule formation. Indeed, a recent work based on RNP granules purification through G3BP1 pull-down indicate that 10% of the human transcripts can assemble into SGs (Khong et al., 2017) . If distinct RNA species are present in SGs, a fraction of them could be involved in mediating RBP sequestration. We recently observed that different RNAs can act as scaffolds for RNP complexes (Ribeiro et al., 2018) , which led us to the hypothesis that some transcripts could be involved in granules assembly.
We here investigated the scaffolding potential of specific RNAs by computational and experimental means. Combining PPI and PRI networks revealed by enhanced CrossLinking and ImmunoPrecipitation (eCLIP) (Van Nostrand et al., 2016) , mass spectrometric analysis of SGs (Jain et al., 2016) and novel computational methods (Delli Ponti et al., 2017) , we identified a class of transcripts that bind to a large number of proteins and, therefore, qualify as potential scaffolding elements. In
Teresa Botta-Orfila et al. agreement with recent literature reports (Berkovits and Mayr, 2015) , our calculations indicate that untranslated regions (UTRs) have a particularly strong potential to bind protein found in RNP granules, especially when they contain specific homonucleotide repeats (Saha and Hyman, 2017) . In support of this observation, it has been reported for several diseases including Huntington's disease, Myotonic Dystrophy and a number of Ataxias that expanded trinucleotide regions trigger formation of intranuclear aggregates in which proteins are sequestered and inactivated (Brouwer et al., 2009; Everett and Wood, 2004) .
In a proof-of-concept series of experiments, we investigated the scaffolding ability of the 5'UTR of Fragile X Mental Retardation (FMR1) RNA. The 5′ UTR of FMR1 RNA contains a CGG repeat that varies in length (the most common allele in Europe being of 30 repeats) and causes Fragile X syndrome at over 200 repeats, with methylation and silencing of the FMR1 gene and lack of FMRP protein expression (Todd et al., 2013) . The premutation range of FMR1 (55-200 CGG repeats) is accompanied by appearance of foci (also called FMR1 inclusions) that are the typical hallmark of Fragile X-associated Tremor / Ataxia Syndrome (FXTAS) (Todd et al., 2013) . These foci are highly dynamic and behave as ribonucleoprotein granules (Strack et al., 2013) that phase separate in the nucleus forming inclusions (Tassone et al., 2004) . Importantly, CGG aggregates are long lived bur rapidly dissolve upon tautomycin treatment, which indicates liquid-like aggregation (Strack and Jaffrey, 2014) . (Todd et al., 2013) . Previous work indicates that FMR1 inclusions contain specific proteins such as HNRNP A2/B1, MBNL1, LMNA and INA (Iwahashi et al., 2006) . Also FMRpolyG peptides (Sellier et al., 2017) have been found in the inclusions, together with CUGBP1, KHDRBS1 and DGCR8 that are involved in splicing regulation, mRNA transport and regulation of microRNAs (Qurashi et al., 2011; Sellier et al., 2010 Sellier et al., , 2013 Sofola et al., 2007) . Importantly, KHDRBS1 does not directly bind to FMR1 (Sellier et al., 2010) , while its protein partner DGCR8 interacts physically with CGG repeats , which indicates that sequestration is a process led by a pool of protein drivers that progressively attract other networks.
The lability of FMR1 inclusions, which makes them not suitable for biochemical purification (Marchese et al., 2016; Tartaglia, 2016) , does not allow to distinguish between physical and indirect partners of FMR1 5' UTR and there is need of novel strategies to characterize their interactome. Indeed, as the primary interactions are still largely unknown, current clinical strategies are limited to palliative care to ameliorate specific FXTAS symptoms and there is still insufficient knowledge of targets for therapeutic intervention (Sellier et al., 2017; Todd et al., 2013 ) and a strong demand for new approaches (Disney et al., 2012) .
Results
We first investigated if RBPs aggregating in RNP granules interact with specific sets of proteins and RNAs. To discriminate proteins that are in RNP granules (granule RBPs) from other RBPs (non-granule RBPs) we relied on the most recent proteomics data on human and yeast SGs (Supplemental Information and Supplementary   Table 1A ) as well as novel computational methods. The protein-RNA interaction datasets were identified through eCLIP (human) (Van Nostrand et al., 2016) and microarray (yeast) (Mittal et al., 2011 ) studies (Supplementary Figure 1) .
Protein-protein networks do not discriminate granule and non-granule RBPs
We analyzed if granule and non-granule RBPs show different interaction network properties. To this aim, we used available PPI datasets (Supplemental Information) (Huttlin et al., 2015; Mittal et al., 2011) . We based our topological analysis on three centrality measures describing the importance of a node (protein) within the network.
For each protein, we computed the degree (number of protein interactions), betweenness (number of paths between protein pairs) and closeness centrality (how close one protein is to other proteins in the network). We found that granule and nongranule RBPs networks display very similar topology both in yeast and human datasets ( Figure 1A; Supplementary Figure 2) .
Protein-RNA networks robustly discriminate granule and non-granule RBPs
Having assessed that granule RBPs cannot be discriminated by properties of the PPIs network, we moved on to investigate PRIs of granule and non-granule RBPs. In both yeast and human, we found that PRIs increase significantly the centrality measures of the granule network ( Figure 1A and Supplementary Figure 2) . Importantly, both yeast and human granule RBPs interact with more transcripts than other RBPs 
Granule RBPs share RNA networks
We then wondered if granule RBPs interact with a common set of transcripts. For this analysis, we compared the number of shared transcripts between pairs of RBPs using the Jaccard index as a measure of target overlap. In both yeast and human we found that granule-forming proteins share a larger number of transcripts ( Figure 1C Figure 1E ) (Khong et al., 2017) .
Non-coding RNAs are contacted by granule RBPs
Among the most contacted RNAs we found an enrichment of small nuclear and nucleolar RNAs that are known to be associated with paraspeckles and Cajal bodies formation (Supplementary Table 2A ; p-value < 2.2e-16, Wilcoxon test). We also identified a few highly contacted long non-coding RNAs such as NEAT1 that interacts with all the proteins present in our dataset ( Figure 1F ). In agreement with this finding, NEAT1 has been recently described as an architectural RNA implicated in scaffolding protein interactions (Maharana et al., 2018) for paraspeckle nucleation (Clemson et al., 2009) . We hypothesize that other highly contacted long non-coding RNAs may have similar functions within cytoplasmic RNP granules. For instance, NORAD, a recently described long non-coding RNA involved in genomic stability, interacts with all the proteins in our dataset (Lee et al., 2016) . NORAD has repetitive sequence units, activation upon stress and ability to sequester proteins (Tichon et al., 2016) , which suggests a potential role in granule assembly.
Characteristic features of candidate scaffolding RNAs
We next analyzed which properties support the scaffolding activity of RNAs within Tables   2B and 2C) , is consistent with previous observations that length (Zhang et al., 2015) , structure (Reineke et al., 2015) and abundance (Jain and Vale, 2017) contribute to RNA assembly into RNP granules (Khong et al., 2017) .
The increase in structural content is significant in the 5' UTRs of granule-associated transcripts ( Figure 2C ; p-value = 0.04; KS test) and nucleotide composition is specifically enriched in triplets with ability to assemble into hairpin structures (Krzyzosiak et al., 2012) : occurrence of CCG, UGC, CGC, GGU and CGG discriminate granule and non-granule transcripts (AUCs > 0.60; Figure 2E ). In agreement with these findings, CROSS predictions of RNA structure (Delli Ponti et al., 2017) indicate that double-stranded regions are particularly enriched in granuleassociated transcripts (Supplementary Figure 5A) and increase proportionally to the length of repeats ( Figure 2F ), which is in line with UV-monitored structure melting experiments (Krzyzosiak et al., 2012) .
In silico predictions indicate a large number of partners for scaffold RNAs
To further investigate the scaffolding ability of homo-nucleotide expansions, we selected the FMR1 5' UTR that contains CGG repetitions. Using catRAPID omics (Supplemental Information) , we computed interactions between the 5' FMR1 UTR (containing 79 CGG repeats) and a library of nucleic-acid binding proteins (3340 DNA-binding, RNA-binding and structurally disordered proteins (Livi et al., 2015) ). Previously identified CGG-binding proteins (Sellier et al., 2010) Table 3 ). In addition, our calculations identify a group of 37 RBP interactions that are predicted to form granules by the catGRANULE algorithm (Bolognesi et al., 2016) 
(Supplemental Information; Supplementary
Figures 5B and 5C). Among the RBPs prone to associate with FMR1, we predict TRA2A (interaction score: 0.99; specificity 0.99; granule propensity = 2.15, i.e. the most granule-prone in our pool and ranking 188 th out of 20190 human proteins).
High-throughput validation of CGG partners and identification of TRA2A interaction
We employed protein arrays to perform a large in vitro screening of RBP interactions with the first FMR1 exon Marchese et al., 2017) . We probed both expanded (79 CGG) and normal (21 CGG) range repeats on independent replicas, obtaining highly reproducible results (Pearson's correlations >0.75 in log scale; Figure 3B ; Supplementary Table 4) . As a negative control, we used the 3' UTR of SNCA (575 nt) .
Using fluorescence intensities (signal to background ratio) to measure binding affinities, we found that previously identified partners SRSF 1, 5 and 6 rank in the top 1% of all interactions (out of 8900 proteins), followed by KHDRBS3 (2%) and MBNL1 (5%). We observed strong intensities (signal to background ratio > 1.5 corresponding to top 1% of all interactions) for 85 RBPs interacting with expanded repeats (60 RBPs for normal-range repeats) and using stringent cut-offs (signal to background ratio > 2.5 or top 1 ‰ of all interactions) we identified 27 previously unreported interactions (binding to both expanded and normal range repeats).
The list of 85 RBPs showed enrichment in GO terms related to splicing activity (FDR <10 is predicted to not bind CGG repeats, two of its RBP partners, CIRBP and PTBP2, rank in the top 1% of all fluorescence intensities, as predicted by catRAPID , and DGCR8, which interacts with KHDRBS1 through DROSHA , is also prone to interact (top 7% of all fluorescence intensities).
Out of 27 high-confidence candidates, 24 were predicted by catGRANULE (Bolognesi et al., 2016) to form granules and among them the splicing regulator TRA2A has the highest score (granule propensity = 2.15; Figure 3D ; Supplementary Figure 5D ; Supplementary Table 3 ). In agreement with our predictions, eCLIP experiments indicate that the FMR1 transcript ranks in the top 25% of strongest interactions of TRA2A (Van Nostrand et al., 2016) .
TRA2A recruitment in FMR1 inclusions is driven by CGG hairpins
As splicing defects have been reported to occur in FXTAS disease (Botta-Orfila et al., 2016; Sellier et al., 2010) , we decided to further investigate the sequestration of TRA2A. We first measured RNA and protein levels of TRA2A in B-lymphocytes of a normal individual (41 CGG repeats; Coriell repository number NA20244A) and a FXTAS premutation carrier (90 CGG repeats; Coriell repository number GM06906B). RNA and protein levels of TRA2A were found significantly increased 2.9 and 1.4 times in the FXTAS premutation carrier compared to normal individual, which indicates that the protein is significantly altered in disease (Supplementary
Figure 6).
As nuclear inclusions do not form in B-lymphocytes, we used the COS-7 cell line to study FMR1 inclusions (Sellier et al., 2010) . Transfection of a plasmid containing CGG expansions (triplet repeated 60 times) induce significant increase in RNA and protein levels of TRA2A after 48 hours (Supplementary Figure 6) (Sellier et al., 2010) . By means of RNA FISH coupled to immunofluorescence (Supplemental Information), we found that CGG expansions form nuclear inclusions that colocalize with endogenous TRA2A (Supplemental Information). TRA2A shows a diffuse nuclear pattern in cells that do not over-express CGG repeats ( Figure 4A ).
Upon knockdown of TRA2A using siRNA (Supplemental Information) we observed that the nuclear aggregates still form ( Figures 4B and 4C) , while overexpression of TRA2A attached to GFP (GFP-TRA2A) result in strong recruitment in CGG inclusions ( Figure 4D ; control GFP plasmid and GFP-TRA2A in absence of CGG repeats does not give a granular pattern).
To further characterize the recruitment of TRA2A in CGG repeats, we treated COS-7 cells with two different chemicals. By incubating COS-7 cells with 9-hydroxy-5,11-
that binds to CGG repeats preventing interactions with RBPs (Disney et al., 2012) , TRA2A sequestration was blocked ( Figure 5A ). Using TmPyP4 to specifically unfold CGG repeats (Morris et al., 2012) , we found that the aggregates are disrupted and TRA2A remains diffuse ( Figure 5B) . Our experiments show that the aggregation of TRA2A is caused by CGG repeats and depends on their structure.
TRA2A recruitment in RNA inclusions is independent of its partner TRA2B
Using RNA FISH coupled to immunofluorescence, we found that TRA2B, which is TRA2A partner, forms inclusions when COS-7 cells are transfected with CGG repeats, in agreement with previous in vitro screenings ( Figure 6A ) (Qurashi et al., 2011; Sellier et al., 2010 Sellier et al., , 2013 Sofola et al., 2007) . The same result was observed upon TRA2A knockdown ( Figure 6B ).
Importantly, endogenous TRA2A is still recruited by CGG inclusions upon TRA2B knockdown ( Figure 6B ; the result is also observed with over-expressed TRA2A;
Supplementary Figure 7) . By contrast, in absence of CGG, over-expressed TRA2A
did not localize with inclusions (Supplementary Figure 7A) . Yet, upon TRA2B
knockdown and in presence of CGG repeats, over-expressed TRA2A is recruited in CGG inclusions ( Figure 6B and Supplementary Figure 7B) , which indicates that TRA2B does not mediate TRA2A sequestration.
Moreover, endogenous TRA2B co-localizes with TRA2A when both TRA2A and CGG are over-expressed (Supplementary Figure 8) and, similarly, endogenous TRA2A co-localizes with TRA2B when both TRA2B and CGG are over-expressed (Supplementary Figure 8) . Upon TRA2A knockdown, there is co-localization of over-expressed TRA2B with CGG aggregates. However, we observe a diffuse pattern in control cells upon over-expression of TRA2B with knockdown of TRA2A
(Supplementary Figure 9) .
Therefore, TRA2A and TRA2B are independently recruited by CGG RNA aggregates.
Effects of TRA2A recruitment on RNA splicing
To further investigate the functional implications of TRA2A recruitment in FMR1
inclusions we analyzed changes in RNA splicing in COS-7 cells (Supplemental
Information).
Splicing alterations due to TRA2A sequestration were studied through microarrays and RNA-seq experiments (both in triplicate experiments; Supplemental Information), which we used to investigate events (i) occurring upon CGG overexpression and (ii) affected when TRA2A is knocked-down. Applying these criteria, we identified 53 high-confidence exons subjected to splicing (36 skipped and 17 included exons; Figure 7A ; Supplementary RBM5 and THOC1).
Intriguingly, genes associated with mental retardation, such as UBE2A (Budny et al., 2010) , ACTB (Procaccio et al., 2006) and ACTG1 (Rivière et al., 2012) , have splicing patterns affected by TRA2A sequestration. Similarly, muscle related proteins, including PIP5K1C (Narkis et al., 2007) , TPM1 (Erdmann et al., 2003) and genes linked to intellectual disabilities such as DOCK3 (de Silva et al., 2003) and craniofacial development, such as WWP (Wood et al., 1998; Zou et al., 2011) , are subjected to exon skipping upon TRA2A aggregation (Supplementary Our results indicate that TRA2A recruitment in FMR1 inclusions affects the splicing of a number of RBPs and genes associated with neuronal and muscular pathways.
TRA2A is present in murine and human FXTAS inclusions
Repeat associated non-AUG (RAN) translation has been shown to occur in FMR1 5'UTR, resulting in the production of FMRpolyG and FMRpolyA peptides (Todd et al., 2013) . The main RAN translation product, FMRpolyG, co-localizes with ubiquitin in intranuclear inclusions, as observed in FXTAS human brain and mouse models (Buijsen et al., 2014; Sellier et al., 2017; Todd et al., 2013) .
We tested if TRA2A co-aggregates with FXTAS inclusions and FMRpolyG in a mouse model in which the FMR1 5'UTR (containing 90 CGG repeats) was expressed under the control of doxycycline (Hukema et al., 2015) . Immunohistochemistry experiments with sections of paraffin-embedded neurons and astrocytes show that TRA2A protein is indeed present in the inclusions ( Figure 7C ).
Remarkably, nuclear inclusions from FXTAS post mortem human brain donors show
positive staining for TRA2A ( Figure 7D ) that also co-localize with FMRpolyG ( Figure 7E ).
Thus, TRA2A sequestration by CGG repeats is not only observed in cell lines, but also in FXTAS animal models and human post mortem brain samples.
Discussion
In this work we investigated the role played by RNA in the assembly of RNP granules. Previous evidence indicates that proteins are the main cohesive elements within RNP granules: Banani and coworkers, for instance, showed that specific PPIs drive the formation of membrane-less compartments (Banani et al., 2017 ). Yet, based on our analysis of interaction networks, we propose that specific RNAs can serve as structural scaffolds to assemble proteins in RNP granules. According to our calculations, scaffolding RNAs are characterized by a large number of RBP contacts, increased length and structural content.
To experimentally validate our findings we focused on CGG repeat expansions shown to co-localize with FMR1 inclusions. In agreement with other experimental reports (Sellier et al., 2010) , KHDRBS1 shows poor binding propensity to CGG repeats, while its RBP partners, CIRBP, PTBP2 and DGCR8 have stronger interactions, thus explaining its co-localization in vivo .
At the time of writing, TRA2A has been reported to be a constitutive component of granules associated with Amyotrophic Lateral Sclerosis (Markmiller et al., 2018) , which highlights an important link with neuropathology. Using human primary tissues as well as primate and mouse models of FXTAS, we characterized TRA2A sequestration in FMR1 inclusions. TRA2A is a splicing regulator containing Ser/Arg repeats near its N-and C-termini (Tacke et al., 1998) . Similarly to other splicing factors, TRA2A contains structurally disordered regions and multiple stretches of low sequence complexity (Haynes and Iakoucheva, 2006 ) that promote liquid-liquid phase separation (Bolognesi et al., 2016) . Although formation of large assemblies is crucial for splicing activity and regulation (Gueroussov et al., 2017; Ying et al., 2017) , liquidliquid phase separations have been also observed in the context of disease. For instance, aggregation of DMPF and ZNF9 transcripts (containing CUG or CCUG expansions) has been reported to induce sequestration of MBNL1 and partners (Pettersson et al., 2015) leading to impairment of splicing activity and Myotonic Dystrophy (Zlotorynski, 2017) . Although the non-AUG codon downstream the 5' UTR of FMR1 (Todd et al., 2013) was not present in our FMR1 constructs, when using brain samples from FXTAS post-mortem donors we observed that TRA2A co-localizes with the polypeptide FMRpolyG in brain inclusions. Thus, our data suggest that the 5' UTR of FMR1 could also act as a scaffold for FMRpolyG. This result is in line with previous work in the field showing that interactions between proteins and cognate RNAs are frequent for aggregation-prone genes (Hlevnjak et al., 2012; Zanzoni et al., 2013) .
Our work highlights general features that characterize scaffolding RNAs and are not only specific to FMR1 inclusions: the number of protein contacts and occurrence of nucleotide repeats as well as increase in secondary structure content and UTR length.
In agreement with these findings, it has also been recently reported that nucleotide repeats are key elements promoting phase transitions (Jain and Vale, 2017) .
Moreover, two articles published at the time of writing reported that the structural content (Maharana et al., 2018) and UTR length (Khong et al., 2017) are important
properties of RNAs present in the granules. Importantly, our analysis shows that the abundance of molecules promoting phase separation is high, which has been previously shown to be important for protein aggregation (Knowles et al., 2009; Tartaglia and Vendruscolo, 2009; Speretta et al., 2012) but also applies to RNA scaffolds.
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